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The U.S. Environmental Protection Agency (USEPA) has been encouraging states to accerlate
their efforts in developing numeric nutrient criteria to promulgate within respective water quality
standards and regulations. Based on USEPA recommendations, many states are pursuing nutrient
criteria development by assessing frequency distributions and stressor‐response relationships in
historical databases, various special studies and the literature. The mini‐workshops described here were
targeted toward state agency personnel and stakeholder groups with an interest in understanding
statistical techniques that could be used to aide, guide and support numeric nutrient criteria. An initial
workshop was conducted at the USEPA Regional Technical Assistance Group meeting in February 2010,
but it was poorly attended because of the development of harsh weather and travel conditions. The
limited state and USEPA personnel in attendance gave a positive response, and subsequent workshops
were planned for each state agency with regulatory authority to develop water quality standards. The
workshops were designed to be one working day, starting at 0900 and ending at 1600, and the topics
covered included: workshop goals, objectives and tasks; measurement and ecological indicators of water
quality impairment by nutrients; basic statistical methods; advanced statistical methods; and application
of the statistical methods and interpretation of results. The number of participants varied from 5 at one
workshop (participants specific to state agency developing numeric nutrient criteria) to over 20 (where
various state agencies and stakeholder groups were represented). The series of topic presentations
were followed by two group exercises that put the statistical tools discussed into action, where smaller
working groups had to suggest numeric nutrient criteria for a watershed with ample data and then one
with a very limited amount of data. The case studies were hypothetical in nature, but the stressor‐
response relationships shown mimicked those observed in aquatic systems and reported in the
literature. The numeric values were defined only as nutrient, not specifically nitrogen or phosphorus;
the intent here was to keep this a more open and unbiased exercise, especially for states that might
have promulgated specific nutrient criteria. The results of the workshops were not specifically recorded,
allowing the participants freedom to present, discuss and criticize without formal record. The proposed
numeric nutrient criteria did vary between smaller working groups within a given workshop, but the
range proposed was similar across workshops. The workshops were not intended to provide training so
that the participants would walk away with the knowledge to actively pursue the techniques discussed.
Rather, they were intended to provide a foundation for participants to understand what tools are
available for the process of numeric nutrient criteria development and to be exposed to the potential
pitfalls and benefits of various approaches. Overall, the feedback from all of these workshops was
overwhelmingly positive by the states.
1

Haggard and Scott, 2012

ARKANSAS WATER RESOURCES CENTER – UNIVERSITY OF ARKANSAS
TECHNICAL PUBLICATION NUMBER MSC 367 – YEAR 2012
INTRODUCTION
The U.S. Environmental Protection Agency
(USEPA) has been encouraging states to
accelerate their efforts in developing numeric
water quality criteria for nitrogen and phos‐
phorus. Based on EPA recommendations, many
states are pursuing nutrient criteria devel‐
opment by assessing frequency distributions
and stressor‐response relationships in their
historical monitoring databases and from
special studies. Although EPA has provided
some guidance for states to develop nutrient
criteria, many advanced statistical techniques
that may be effectively used to aid in criteria
development are poorly understood and there‐
fore not widely used. Furthermore, many states
have struggled with how to incorporate sound
science into their nutrient criteria development.
The purpose of designing this mini‐workshop
was to demonstrate some of the statistical
methods available to states that could be used
to assist in the development of nutrient criteria
based on a weight of evidence approach. The
mini‐workshops described here were targeted
toward state agency personnel and other
related stakeholders that were interested in
understanding quantitative techniques that
could be used to aid in numeric nutrient criteria
development.
WORKSHOP LOCATIONS, DATES, &
PARTICIPATION
An initial workshop was partially conducted at
the EPA Region 6 RTAG meeting in February
2010, but was poorly attended and finished
early due to a snowstorm that occurred in
Dallas on the scheduled workshop date. In
response, workshops were planned for each
environmental state agency in EPA Region 6:
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Louisiana Department of Environmental
Quality, May 2010 – 5 participants







Texas Commission on Environmental
Quality, August 2010 – 21 participants
Oklahoma Water Resources
Board/Oklahoma Environment
Department, December 2010 – 16
participants
New Mexico Environment Department,
June 2011 – 12 participants
Arkansas Department of Environmental
Quality, TBD – number of participants
unknown

WORKSHOP CONTENT
Workshops were conducted within a single day
at each location. A typical workshop agenda is
shown in Table 1. Workshops always began with
a presentation of the workshop goals and an
outline of the content. This was followed with a
presentation and discussion regarding what
water quality measurements and indicators
could be useful in numeric nutrient criteria
development. Three powerpoint presentations
followed that provided an overview of both
basic and advanced statistical methods that can
be used for nutrient criteria development, and
recommendations on how to interpret data
from these analyses. Throughout these presen‐
tations, time was allotted for questions and
discussion. Following these topic presentations,
the workshops concluded with two exercises
(i.e., breakout sessions) where smaller working
groups proposed nutrient criteria based on one
example with ample data and a second example
with limited biological data.
Following these technical presentations we
asked workshop participants to divide into
multiple groups to interpret two hypothetical
datasets. The point of these exercises was to
have participants interpret output from both
basic and advanced statistical analyses of two
data sets: one with a large amount of data and
one with a relative small amount of data. The
participants were asked to recommend nutrient
criteria based on a weight of evidence approach
Haggard and Scott, 2012
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Table 1. Typical workshop agenda, using the Louisiana DEQ workshop conducted on May 18, 2010.

LDEQ MEETING – Nutrient Criteria Development Mini–Workshop
AGENDA 18 May 2010
PURPOSE: Demonstrate the statistical methods available to States that may be used to assist in the development of nutrient criteria for
streams and rivers, based on a weight of evidence approach.
0900 INTRODUCTION & GOALS OF THIS MINI‐WORKSHOP – Brian Haggard
0910 WHAT WATER QUALITY INDICATORS SHOULD WE CONSIDER? – Thad Scott
This presentation will ask the question – what water quality indicators should we focus on?
0930 Group Discussion
1000 Refreshment Break and Discussion
1030 STATISTICAL TOOLS 101: Percentiles, Associations & LOESS – Brian Haggard
1050 STATISTICAL TOOLS 201: Thresholds, Change Points and Hierarchy – Thad Scott
1115 APPLICATION OF THESE TOOLS: Interpreting Your Data – Brian Haggard
1130 Lunch Break
1300 TASK 1: Develop Nutrient Criteria for a Hypothetical Watershed with Lots of Data
1315 Breakout Session (teams get together to evaluate materials from Research Watershed)
1400 BREAKOUT SUMMARY – Brian Haggard & Thad Scott
1415 Refreshment Break and Discussion
1430 TASK 2: Develop Nutrient Criteria for a Hypothetical Watershed with Limited Data
1445 Breakout Session (teams get together to evaluate materials from Not Much Data Watershed)
1530 BREAKOUT SUMMARY – Brian Haggard & Thad Scott
1545 FINAL DISCUSSION
1600 ADJOURN

from the data provided. Workshops were ended
with a discussion on the methods and limit‐
ations to developing numeric nutrient criteria.
TECHNICAL PRESENTATIONS
Four technical presentations were prepared for
each workshop on the following topics:
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Workshop goals, objectives and tasks
(Workshop Goals, Appendix 1)
Measurements and ecological
indicators of water quality impairment
by nutrients (What Water Quality
Indicators Should We Consider?,
Appendix 2)
Basic statistical methods (Statistical
Tools 101; Appendix 3)
Advanced statistical methods
(Statistical Tools 201; Appendix 4)
Application of statistical methods and
interpretation of results (Application of
these Tools: Interpreting your Data,
Appendix 5)

The fundamental aspect of any water quality
monitoring and assessment program is
identifying the designated uses of water‐bodies
and the water quality standards needed to
protect that use. Nutrient criteria are no
exception. Although some chemical species of
plant nutrients must be managed because of
their potential toxicity (i.e., nitrate in drinking
water causing methemoglobinemia or blue‐
baby syndrome; or ammonia toxicity for organ‐
isms with gills), the more broad implication of
nutrient enrichment is stimulating the growth
of organisms (plants, algae, and other micro‐
organisms) that utilize nutrients from water to
grow larger and reproduce. The eco‐logical
quality of many water bodies can be altered
due to nutrient enrichment by accelerating the
eutrophication process. Accelerated eutro‐
phication can lead to some predictable water
quality responses, but the effect of nutrient
enrichment on aquatic biological communities
and the translation of these effects to water
quality impairments is still poorly understood
(Figure 1, Appendix 2). Therefore, there is a
Haggard and Scott, 2012
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Figure 1. Relationship between nutrient enrichment
and water quality, ecological, and economic out‐
comes (from Dodds et al. 2008).

great need for states to identify what they
intend to protect in specific waterbodies by
establishing numeric nutrient criteria and using
the proper techniques to identify what nutrient
concentrations cause a potentially adverse
effect. These ecological outcomes may be
drastically different for different waterbodies.
For example, very low nutrient concentrations
may be needed to protect the native bio‐
diversity in rare or sensitive water bodies, but
much higher nutrient concentrations may be
acceptable in other waterbodies where the
intended use is sport fish production. These are
important details that regulators need to
address so that they can identify the appro‐
priate data and statistical methods to use in
identifying numeric nutrient criteria.
Some basic statistical techniques have already
been applied in developing recommendations
for numeric nutrient criteria (Appendix 3). For
example, the United States EPA used frequency
distributions of nutrient concentrations from
historical monitoring data collected by state
and federal water quality regulatory agencies to
recommend ecoregional nutrient criteria using
the frequency distribution approach. The fre‐
quency distribution approach involves assessing
nutrient concentrations for either selected
4

“reference” sites or for both reference and
potentially impacted waterbodies over broad
spatial and temporal scales. The 75th percentile
of nutrient concentrations in reference water‐
bodies, and the 25th percentile of nutrient
concentrations of all waterbodies covering a
broad spatial scale were proposed as potential
benchmarks for nutrient criteria (Figure 2,
USEPA 2000). Although this method allows
nutrient criteria to be more easily developed, it
assumes that the 75th percentile of nutrient
concentrations in reference waterbodies for a
region is similar in magnitude to the 25th
percentile of nutrient concentrations for all
waterbodies (Haggard and Scott 2011). Further‐
more, adopting a numeric nutrient standard
based on the 25th percentile distribution from
all waterbodies in a region automatically results
in listing 75% of waterbodies in that region as
being potentially impaired.
75%

25%

Low

High
Nutrient Concentration

r=0.6
p<0.01
Dependent

What do elevated nutrients change in
aquatic ecosystems?

Independent

Figure 2. Top panel is a frequency distribution
approach to setting nutrient criteria. Bottom panel
shows a correlation example where nutrient con‐
centrations are related to a response variable.

Haggard and Scott, 2012
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EPA has recognized the limitation(s) associated
with the frequency distribution approach and
urged states to develop nutrient criteria based
on stressor‐response relationships (USEPA
2010, 2011). Indeed, the stressor response
model has many advantages for some water‐
bodies such as lakes where there is a very
predictable pattern of cause and effect be‐
tween nutrient enrichment and increased algal
productivity. Under these circumstances, corre‐
lation analysis and regression analysis are very
simple and useful techniques for quantifying
the strength of the stressor‐response relation‐
ship (Figure 2 bottom panel) and the magnitude
of interaction between the stressor (nutrient)
and response variable (algal biomass or produc‐
tivity). Correlation analysis can be conducted via
parametric (Pearson correlation) or nonpara‐
metric (Spearman Rank) approaches. Corre‐
lation analysis is useful because it is an effective
way to convey simple relationships, it is easy to
understand, it quantitatively measures asso‐
ciation between two variables, and it is readily
available in many data management and statis‐
tical software packages. Correlation analysis
provides limited information because it may not
detect complex relationships, a lack of statis‐
tical significance might not mean lack of asso‐
ciation between variables, large sample sizes
can lead to significant but not necessarily
meaningful relationships, and it does not quan‐
tify predictive relationships. Regression analysis
is similar to correlation analysis but actually
models the variation in one variable in response
to the variation in one or more pre‐dictor
variables. Regression analysis is useful because
it is a predictive analysis, the results are easy to
interpret, relationships between variables are
quantitatively modeled, the analysis can handle
multiple predictors of a single response vari‐
able, and the model shows which variables are
the strongest predictors. Regression analysis is
limited because some complex models can be
difficult to interpret or evaluate, the analysis
can be sensitive to outliers, and results cannot
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be effectively extrapolated beyond the bound‐
aries of the data.
Although basic statistical techniques like
correlation and regression analysis are useful
for identifying and quantifying some stressor‐
response relationships, they are most effective
for predicting linear relationships. However, the
relationship between nutrient concentrations
and ecological variation in waterbodies is often
non‐linear and sometime involves hierarchical
relationships between predictor variables
(Appendix 2 and 4). Threshold analyses such as
changepoint analysis and categorical and
regression tree analysis are useful for analyzing
data with nonlinear and hierarchical relation‐
ships. Furthermore, these analyses may be
particularly useful for identifying specific nu‐
trient concentrations that induce a substantial
change in an ecological attribute to cause a
threshold‐type response.
Changepoint analysis is a statistical technique
that identifies a threshold at which a change in
variation (deviance) occurs in a response vari‐
able. Changepoint analysis is useful for iden‐
tifying specific nutrient concentrations where
shifts may occur in water quality or ecological
attributes. Changepoint analysis uses recursive
partitioning to divide data into two subsets and
establishes a threshold value when the
threshold effectively results in a deviance
reduction. Model strength can be derived from
the relative error associated with a threshold
and resampling techniques such as boot‐
strapping can be used to determine cumulative
probability or error rates surrounding individual
thresholds. Changepoint analysis is particularly
useful in nutrient criteria development because
it can identify a specific value (+/‐ error) of an
independent variable (nutrient con‐centration)
at which a water quality or ecological change
occurs (Figure 3, Appendix 4). The relative
simplicity of model output makes data inter‐
pretation relatively simple. The limitations to
changepoint analysis are that the procedure is
Haggard and Scott, 2012
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Dependent

single predictor variable and a single response
variable.

Independent

Dependent

Figure 3. Response of a dependent variable (eco‐
logical attribute) to an independent variable
(nutrient concentration) threshold.

Dependent

Independent 1

Independent 2

Figure 4. Example of CART analysis showing quant‐
itative thresholds in predictor variables and hier‐
archical structure among predictors.

not available in most conventional statistical
software packages and that executing the
procedure requires substantial amounts of
data. Furthermore, changepoint analysis is
similar to correlation analysis in that it can only
identify threshold relationships between a
6

Categorial and regression tree (CART) analysis is
simply an extension of changepoint analysis
that permits the user to provide multiple pre‐
dictor variables for a single response variable. In
that sense, CART analysis in analogous to
multiple linear regression but instead uses a
nonparametric approach to identifying thresh‐
olds in predictor variables. However, CART
analysis also has another advantage over mul‐
tiple linear regressions in that CART can identi‐
fying hierarchical structure in multiple variable
models. When multiple pre‐dictors are included
in a CART model the best possible threshold
among all predictors is selected as an initial
changepoint for the data, which are then
partitioned into two separate subgroups based
on the threshold. CART then quantifies and
selects the best possible threshold(s) to explain
variation in each of the data subsets. This
processes is repeated until the entire data set is
divided into increasingly homogeneous sub‐
groups. Predictor variables can be repeated at
any point in the tree structure and CART models
can include a single predictor where multiple
changepoints can be identified. Similar to
changepoint analysis, CART is useful because it
can identify specific values (+/‐ error) of
independent variable at which change occurs in
a dependent value. CART can also identify
multiple change‐points in one predictor or
change‐points in multiple predictors. However,
the CART procedure is not available in most
common statistical software packages and the
analysis requires substantial amounts of data.
The statistical techniques discussed in this
section may be applied to assist in the devel‐
opment of numeric nutrient water quality
criteria. It should be noted that the most
reasonable application of these methods is in a
weight of evidence approach where information
from several analyses that use substantial data
can build a systematic case for enforcing a
Haggard and Scott, 2012
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single nutrient concentration that results in a
water‐quality impairment. Assessment and
standard development programs should con‐
sider how other variables may confound the
outcome of data analyses that cannot provide a
definitive cause‐effect relationship. It should
also be noted that the methods described here
are simply tools and will most definitely provide
information no matter the quality of the input
data. Therefore, these procedures can be easily
misapplied and result in a garbage‐in/garbage‐
out scenario. Great care and caution should be
exercised in choosing both predictor and
response variables that will be used in standard
development. Furthermore, visual inspection
and interpretation of data along with these
techniques is essential for justifying the mech‐
anistic relationships that are being identified in
a correlative framework.
BREAKOUT SESSIONS
In order to give the workshop participants some
experience with these methods, we developed
two hypothetical case studies in which the
participants were given scatterplots of stressor‐
response relationships and the statistical output
from the procedures outlined above. The
participants were asked to use a weight of
evidence approach to recommend a specific
nutrient criterion for each case study based on
the data provided. This process was done twice,
once with a data set that included relatively
large amounts of data (Appendix 6) and again
with a watershed that had much less data
(Appendix 7). The data in the workshop was
presented simply as nutrient concentration and
was intentionally not specific to either nitrogen
or phosphorus. We did this to hopefully
provide the participants with a more open
format and view to propose numeric nutrient
criteria, since it was not tied to a specific
nutrient. The workshop participants were
separated into groups of three or more, and
then separated such that each group worked
through each exercise independently. At the
7

end of each exercise, we reformed as the larger
group and discussed the results.
The large data set example was intended to give
the participants a substantial degree of con‐
fidence in the measured stressor‐response
relationships based on well known ecological
information. Although the threshold relation‐
ships in the examples were intentionally varied,
the amount of variation was intentionally small.
The intention was that this would give the
participants confidence to recommend nutrient
criteria for the examples in a fairly narrow
range.
The smaller data set example was intended to
instill a great amount of uncertainty in the
measured stressor‐response relationships. In
most cases the direction and magnitude of
ecological change was based on expected
ecological patterns, but the data supporting
specific thresholds was very weak. In some
cases we also intentionally randomized data for
expected relationships and switched the
direction of change in some response variable.
This exercise was simply intended to create
uncertainty in the weight of evidence.
The results of the breakout session for the large
data set were remarkably consistent among
groups at each workshop and even among the
workshops themselves. However, results from
the breakout session with the limited datasets
were much more variable. In all workshops the
limited data set breakout sessions stimulated
substantial discussion about how much
emphasis to place on certain relationships and
how much others might be dismissed. The
hypothetical numeric nutrient criteria proposed
by the smaller working groups varied at each
workshop, but the range was rather consistent
across each workshop. We noticed that smaller
groups composed of higher administrative
personnel did not consistently propose less or
more stringent numeric nutrient criteria than
smaller groups made of personnel still working
Haggard and Scott, 2012
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in the field; this was purely observational and
not quantified.
SUMMARY
The feedback from these workshops was over‐
whelmingly positive. The workshops were not
intended to provide training so that the
participants would walk away with the
knowledge to actively pursue the techniques
discussed. Rather, they were intended to
provide a foundation for participants to under‐
stand what tools are available for the process of
numeric nutrient criteria development and to
be exposed to the potential pitfalls and benefits
of various approaches. As of December 2011,
we had conducted workshops at four (Louis‐
iana, Texas, Oklahoma, and New Mexico) of the
five states that comprise EPA Region 6. A
workshop is being planned in 2012 for the only
remaining state (Arkansas), where a tentative
workshop is being scheduled for February. The
number of participants varied from 5 at the
initial LDEQ workshop to over 20 at the TCEQ
workshop, and the participants included various
state agencies (outside of the environmental
agency responsible for water quality standards)
such as state conservation commissions, soil
and water boards, and wildlife management, as
well as representative from stakeholder groups
such as environmental personnel from state
farm bureaus.
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